Development of the telencephalon involves the coordinated growth of diversely patterned brain structures. Previous studies have demonstrated the importance of b-catenin-mediated Wnt signaling in proliferation and fate determination during cerebral cortical development. We found that b-catenin-mediated Wnt signaling critically maintained progenitor proliferation in the subcortical (pallidal) telencephalon. Targeted deletion of b-catenin in mice severely impaired proliferation in the medial ganglionic eminence without grossly altering differentiated fate. Several lines of evidence suggest that this phenotype is primarily the result of a loss of canonical Wnt signaling. As previous studies have suggested that the ventral patterning factor Sonic Hedgehog (Shh) also stimulates dorsal telencephalic proliferation, we propose a model whereby Wnt and Shh signaling promote distinct dorsal-ventral patterning while also having broader effects on proliferation that serve to coordinate the growth of telencephalic subregions.
Generation of telencephalic structures during embryonic development requires the parallel and coordinated occurrence of two general events, patterning/fate determination and proliferation/tissue growth. Patterning of the diverse telencephalic structures occurs via the actions of multiple molecules including Shh, Wnt proteins, bone morphogenetic proteins (BMPs) and fibroblast growth factor 8 (Fgf8) 1 . Several of these factors, along with ciliary neurotrophic factor and leukemia inhibitory factor from the choroid plexus, have also been implicated in the regulation of growth of the telencephalon [2] [3] [4] [5] [6] . Although distinct mechanisms regulate the generation of distinct structures, additional regulatory machinery should exist to orchestrate the relative growth of these structures that will eventually connect to form a functioning brain.
One factor that may coordinate growth of the dorsal and ventral telencephalon is Shh. Expressed in the preoptic ventricular zone and in the mantle region of the medial ganglionic eminence (MGE), Shh regulates initial patterning of the subcortical (pallidal) telencephalon and maintenance of the fate-determining transcription factor Nkx2.1 during neurogenesis 7, 8 (for review, see ref. 3) . Shh also has mitogenic effects on the MGE 9,10 and dorsal telencephalic progenitors 2, 8, 11, 12 .
Another candidate for regulating the growth of telencephalic structures is the Wnt family of secreted signaling molecules [13] [14] [15] . In the canonical Wnt signaling pathway, activation by Wnt ligands results in the stabilization of cytoplasmic b-catenin, which translocates to the nucleus to bind to Tcf/Lef (lymphoid enhancer binding factor) transcription factors, converting them from repressors to activators of their target genes 16 . Gain of function studies in vivo suggest that b-cateninmediated Wnt signaling is important in stimulating cortical proliferation 17, 18 . Loss of Wnt signaling in the telencephalon in vivo results in reduced cortical proliferation and disruption of cortical identity, as well as defects in neuronal migration 6, 14, 15, 19, 20 . In the spinal cord, Wnt proteins function to coordinate ventral and dorsal neural tube proliferation 21 , but canonical Wnt activity and function in the telencephalon have been suggested to be restricted to dorsal (pallial) regions 20, 22 .
To address the question of whether the regulation of ventral telencephalic growth may involve Wnt/b-catenin signaling, we used the Cre-loxP system to eliminate b-catenin from subcortical (pallidal) telencephalic Nkx2.1-expressing progenitors. Loss of b-catenin markedly reduced the growth of the MGE as a result of premature cell cycle exit without grossly altering initial differentiated fate. Several lines of evidence suggest that this phenotype results primarily from disruption of canonical Wnt signaling. As studies have suggested that the ventral patterning factor Shh also stimulates dorsal telencephalic proliferation 2, 8, 11, 12 , mitogenic influences from Shh and Wnt signaling could provide a mechanism for the coordinated growth of dorsal and ventral telencephalic regions, despite their divergent patterning and structure.
RESULTS

Loss of b-catenin in the MGE impairs growth
To reduce the amount of b-catenin in the MGE, we used the Cre-loxP approach, in which transgenic mice expressing Cre under the control of Nkx2.1 promoter elements 23 were crossed with 'floxed' b-catenin mice (Ctnnb1 loxP/loxP ) 24 , in which the Ctnnb1 gene was flanked by loxP sites. As the mutation causes perinatal lethality, we focused our analysis on developing mice from embryonic day 11.5-19 (E11. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Nkx2.1 is first detected in the basal telencephalon around E8.75-9 and is strongly expressed in progenitor cells of the MGE by E10. 5-11.5 (refs. 25,26) . Nkx2.1-cre-mediated recombination is apparent in the MGE at E10. 5 (ref. 23) . To confirm that recombination had occurred in the MGE of Nkx2.1-cre; Ctnnb1 loxP/loxP brains, we immunolabeled coronal forebrain sections of E11.5-14.5 embryos for both b-catenin and Cre (an example of an E12.5 brain is shown in Fig. 1a-d) . The expression of b-catenin was normally concentrated at the apical surface of neuroepithelial cells surrounding the lateral ventricles (see insert in Fig. 1b) 27 but was greatly reduced in Cre-expressing cells of the mutant MGE (see insert in Fig. 1d ). Residual b-catenin expression was present in the dorsal-most MGE (Fig. 1d) as a result of the weak or absent expression of the Nkx2.1-cre transgene in this region (Fig. 1a) 23 .
To examine the development of the MGE in Nkx2.1-cre; Ctnnb1 loxP/loxP mutant embryos, we evaluated coronal sections between E11.5 and E14.5 ( Fig. 1e-j) . The MGE in Nkx2.1-cre; Ctnnb1 loxP/loxP mutants was comparable in size with the control at E11.5 (Supplementary Fig. 1 online) ; however, it appeared to be smaller than the control by E12.5-13.5 (Fig. 1e,f ,h,i) and was greatly diminished by E14.5 (Fig. 1g,j) . These findings suggest that loss of b-catenin expression in the ventral telencephalon impairs the growth of the MGE.
Loss of b-catenin in the MGE induces cell cycle exit Wnt proteins possess stage-specific functions during development, maintaining cortical (pallial) patterning before the neurogenic period (E8.5-11) 20 , acting as mitogens at early neurogenic stages (rE13.5) 13, 14, 28, 29 and promoting neural differentiation of cortical progenitors later in the neurogenic period (4E13.5) 13, 28 . To investigate whether the loss of b-catenin results in impaired proliferation of the MGE, we immunolabeled sections from control and Nkx2.1-cre; Ctnnb1 loxP/loxP mutant embryos for the S phase marker BrdU and for the cell cycle marker Ki67 (Fig. 2) . Results were quantified in E12.5 brains, as this stage occurs before the observed marked reduction in the size of the MGE (Fig. 1e,h ), although modest reductions in the same markers appeared to be present at E11.5 ( Supplementary Fig. 1 ). Deletion of b-catenin in the MGE caused a marked decrease in the number of cell profiles in S phase (192.7 ± 11.9 versus 27.7 ± 2.2 per 0.01 mm 2 , areal density of BrdU + profiles in control versus mutant MGE, n ¼ 3, P ¼ 0.007; Fig. 2a,b,m) . Because differences in BrdU incorporation could reflect a reduced number of cycling progenitors or a greatly extended cell cycle time (or both), we identified proliferating cells by immunofluorescence labeling for Ki67 (Fig. 2c,d ). Loss of b-catenin expression led to a greatly decreased number of cycling progenitors (236 ± 7.6 versus 44.7 ± 3.2 per 0.01 mm 2 areal density of Ki67 + profiles in control versus mutant MGE, n ¼ 3, P ¼ 0.002; Fig. 2c,d,n) . In addition, the number of cell profiles in M phase was also substantially lower in the mutant MGE than in the control (Supplementary Fig. 1 ). We found that expression of the radial glial progenitor marker RC2 was reduced, further supporting the notion that loss of b-catenin reduces the number of progenitors in the mutant MGE ( Supplementary Fig. 1 ). Finally, and consistent with the effects of loss of b-catenin on the cortical (pallial) telencephalon 6, 14 , the MGE of Nkx2.1-cre; Ctnnb1 loxP/loxP mutants did not appear to have increased apoptotic cell death ( Supplementary Fig. 1 ).
The reduced MGE proliferation without increased cell death in Nkx2.1-cre; Ctnnb1 loxP/loxP mutants that we observed raises the question of whether this premature differentiation of MGE progenitors is accompanied by an alteration of cell fate. First, we examined sections for markers of proliferating cells of the MGE ventricular zone, NKX2.1, or subventricular zone (SVZ), NKX2.1 and MASH1. Consistent with the reduction of proliferating cells in the mutant MGE, both the ventricular zone and the SVZ progenitor populations are depleted (Fig. 2e,f,i,j) .
The reduction of NKX2.1 and MASH1 in Nkx2. 33 ) and Shh 25 . All three of these markers were strongly expressed in the mutant ventral pallidum, although their domains were expanded toward the ventral midline, which would normally be occupied by proliferating cells (Fig. 2h,l,p) . Both calbindin and LHX6 were ectopically present at the ventral midline (Fig. 2h,l) , where the neuroepithelium and ventricular space were replaced by what appeared to be a fused region of mantle zone. Colabeling for NKX2.1 and LHX6 in the mutant ventral pallidum at E11.5, when a substantial number of mitotic cells still exist in this region, revealed the normal complimentary pattern of expression of these genes, despite the patchy presence of this pattern that extended into the fused midline region. Triple-labeling of cells in this region for NKX2.1, LHX6 and the nuclear stain 4¢-6-diamidino-2-phenylindole (DAPI) revealed that essentially all of the nuclei in the fused region at E11.5 expressed either NKX2.1 or LHX6 (DAPI labeling is not shown, but see Supplementary  Fig. 1 ). Because these genes are also expressed in portions of the hypothalamus, we examined mutant and control sections for the telencephalic marker Foxg1 (Supplementary Fig. 1 ). Foxg1 was densely expressed throughout the mutant fused region ( Supplementary  Fig. 1 ), strongly suggesting that the neuroepithelium of the mutant ventral pallidum had not been replaced by a non-telencephalic tissue. . (e-l) Immunodetection of MASH1 (e,f) or Nkx2.1 (i,j) and calbindin (CB, g,h) or LHX6 (k,l).
In the control MGE, MASH1 + and Nkx2.1 + progenitors lined the lateral ventricles (e,i), whereas calbindin + and LHX6 + neurons primarily occupied the mantle zone (g,k). In mutant sections, the neuroepithelium and ventricular space were replaced by what appeared to be a fused region of mantle zone, in which the progenitor markers MASH1 and Nkx2.1 were greatly reduced (arrows in f,j) and the mainly postmitotic markers calbindin and LHX6 were ectopically present (arrows in h, l). (m,n) There was a significant reduction in the S phase (m) and cell cycle markers (n) in the mutant ventral MGE (vMGE) (BrdU: 192.7 ± 11.9 profiles per 0.01 mm 2 versus 27.7 ± 2.2 (s.e.m.) profiles per 0.01 mm 2 , control versus mutant vMGE, n ¼ 3, P ¼ 0.007, m; Ki67: 236 ± 7.6 profiles per 0.01 mm 2 versus 44.7 ± 3.2 profiles per 0.01 mm 2 in control versus mutant vMGE, n ¼ 3, P ¼ 0.002, n). *P r 0.007. (o-r) mRNA in situ hybridization labeling on sections from E12.5 Nkx2.1-cre; Ctnnb1 loxP/+ control (o,q) and Nkx2.1-cre; Ctnnb1 loxP/loxP mutant (p,r) embryos. Shh, expressed in the mantle region of the MGE (o), was maintained in the Nkx2.1-cre; Ctnnb1 loxP/loxP mutants (p). Expression of Nkx2.1 in the most ventral region of the subcortical (pallidal) mantle zone (arrow in q) was also maintained in the mutants, albeit shifted toward the midline (arrow in r). PoA, preoptic area. Scale bar represents 100 mm in a-l and 200 mm in o-r.
As NKX2.1 and LHX6 are also expressed in the preoptic zone at the base of the telencephalon, it is possible that the fused region contains an expansion of this domain. Nkx5.1 was expressed in the preoptic mantle region, and as with the more dorsally placed MGE-mantle markers Shh, LHX6 and calbindin, Nkx5.1 expression was shifted toward the midline (Fig. 2q,r) . However, Nkx5.1 expression was not shifted dorsally in the fused region, suggesting that there was no dorsal expansion of the most ventral pallidal domain.
We also found that patterning of the MGE-lateral ganglionic eminence (LGE) sulcus was intact in Nkx2.1-cre; Ctnnb1 loxP/loxP mutants, as shown by the expression of Gli1, Patched1 and NKX6.2 ( Supplementary Fig. 2 online) . Moreover, the LGE mantle marker Islet1 was not expanded into the MGE mantle, and the dorsal pallidal boundaries of PAX6 and GSH2 expression were also unchanged in Nkx2.1-cre; Ctnnb1 loxP/loxP mutants ( Supplementary Fig. 2 ). Together, these results suggest that the removal of b-catenin in the ventral MGE causes cells to exit the cell cycle prematurely, resulting in the replacement of most ventral pallidal neuroepithelium by telencephalic mantle zone that is patterned grossly normally as MGE and preoptic mantle.
Progenitors of the MGE give rise to a variety of cells that later inhabit the cerebral cortex, the striatum, the globus pallidus and the basal magnocellular complex (BMC) 23, 25, 26, 34, 35 . To determine whether failed growth of the ventral pallidum (the Nkx2.1-expressing domain of the pallidum) results in reduction in these cell populations, we analyzed coronal sections from E19 control and littermate Nkx2.1-cre; Ctnnb1 loxP/loxP mutant forebrains for selected markers of Nkx2.1-lineage cells (Fig. 3) . Immunolabeling for choline acetyltransferase revealed a reduced density of cholinergic projection neurons of the BMC in these mutants (n ¼ 3; Fig. 3e,f) . In addition, although the E19 analysis precludes examination of some interneuron markers such as parvalbumin, labeling for cortical interneuron markers calbindin (Calb; Fig. 3c,d ), neuropeptide Y (NPY; Supplementary Fig. 3 online) and somatostatin (SOM; Supplementary Fig. 3 ) was also reduced in the Nkx2.1-cre; Ctnnb1 loxP/loxP mutants. The density of Calb + profiles in sections from control versus mutant superficial cortical layers was 339.7 ± 30.7 mm -2 versus 174 ± 1.26 mm -2 (n ¼ 3, P ¼ 0.03) and was 279 ± 9.9 mm -2 versus 95 ± 3.2 mm -2 (n ¼ 3, P ¼ 0.002) in deep cortical layers. Similar to the cholinergic neurons of the ventral pallidum, these cortical interneuron markers have previously been demonstrated to depend on expression of Nkx2.1 in the MGE 25, 36, 37 . These reductions of cortical interneurons and subcortical (pallidal) cholinergic neurons appeared to result mainly from reduced neuronal production, rather than from defects produced by loss of b-catenin in postmitotic subcortical neurons, as Dlx5/6-cre; Ctnnb1 loxP/loxP mutants were grossly healthy with no apparent alteration in forebrain histology, including parvalbumin, SOM, or calretinin-expressing cortical interneurons (data not shown).
Canonical Wnt activity in the ventral telencephalon b-catenin functions in both canonical Wnt signaling and cell adhesion. To address the question of whether impaired growth of the MGE in Nkx2.1-cre; Ctnnb1 loxP/loxP mutants results from defective Wnt signaling, we first tested whether canonical Wnt signaling occurs in the Nkx2.1-expressing domain. The possibility of this activity was suggested by the expression of the transcription factor Tcf4, an effector of canonical Wnt signaling, in the proliferative zone of the MGE (Fig. 4a) , but previous reports have suggested that canonical Wnt signaling is restricted to the dorsal (pallial) telencephalon 20, 22 . To re-examine this issue, we used a transgenic Wnt reporter line in which b-galactosidase expression is driven by a minimal promoter containing six Tcf binding sites (Tcf-LacZ; Fig. 4) 38 . As shown previously with different canonical Wnt activity reporter lines, strong LacZ reporter signal was present in the medial telencephalic wall, whereas a lesser LacZ signal was evident in the dorso-lateral cortex (Fig. 4c,d ,f and Supplementary Fig. 4 online) 20 . However, we also detected Tcf reporter activity in the LGE and MGE of the subcortical (pallidal) telencephalon (n ¼ 9 embryos; Fig. 4c ,d,f and Supplementary Fig. 4 ). Despite the presence of background LacZ staining in the choroid plexus of Tcf-LacZ -/-mice, no LacZ signal is found in the telencephalic neuroepithelium of these control mice (n ¼ 5 embryos; Fig. 4b ,e and Supplementary  Fig. 4 ).
To confirm that our discovery of Tcf-LacZ reporter activity in the ventral telencephalon indicates the presence of Wnt signaling, we cultured coronal slices of E12.5 Tcf-LacZ-positive embryos for 1 d in vitro (DIV) in the absence or presence of the Wnt signaling inhibitor Dkk1. LacZ activity was revealed by X-gal staining. E12.5 telencephalic slices from Tcf-LacZ-positive embryos cultured for 1 DIV without Dkk1 showed strong LacZ activity (11 out of 12 slices showed LacZ activity in the MGE; Fig. 4f and Supplementary Fig. 4 ). Application of Dkk1 (250 or 500 ng ml -1 ) to the culture medium consistently and extensively reduced LacZ activity in the MGE, LGE and lateral cortex (250 ng ml -1 Dkk1 decreased LacZ activity in 9 out of 10 slices, Fig. 4g and Supplementary Fig. 4 ; administration of 500 ng ml -1 Dkk1 reduced LacZ activity in 4 out of 4 slices, Fig. 4h and Supplementary To determine whether in vivo deletion of b-catenin in the MGE affects the activity of the Wnt/b-catenin pathway, we stained coronal sections throughout the forebrain of E12.5 Nkx2.1-cre; Ctnnb1 loxP/+ ; Tcf-LacZ and Nkx2.1-cre; Ctnnb1 loxP/loxP ; Tcf-LacZ mouse embryos with X-gal (Fig. 5) . Targeted deletion of b-catenin reduced LacZ activity in the MGE of Nkx2.1-cre; Ctnnb1 loxP/loxP ; Tcf-LacZ embryos (n ¼ 3 embryos; Fig. 5a,b,d ). This effect was most apparent in the ventral MGE, where expression of the Nkx2.1-cre transgene was stronger (Fig. 1a) 23 and where the loss of b-catenin expression was most pronounced (Fig. 5c) . These results indicate that loss of b-catenin in MGE progenitors in vivo reduces Tcf-LacZ signal and therefore Wnt activity in the MGE.
Inhibition of TCF activity reduces MGE proliferation
Because the Tcf-LacZ signal is mainly detectable in the proliferative zone of the MGE, the reduction of Tcf-LacZ signal in the MGE of Nkx2.1-cre; Ctnnb1 loxP/loxP embryos is supportive but does not necessarily indicate that a direct functional link exists between the loss of this signal and the proliferation phenotype. Any reduction of proliferation, Wnt mediated or not, would probably reduce Tcf-LacZ signal as a consequence of reducing the proliferating population. To further examine the role of Wnt/b-catenin signaling in ventral telencephalon development, we electroporated coronal telencephalic slices with either a control plasmid (pGFP) or with a vector coexpressing GFP and a dominantrepressive form of Lef1 (drLef1-gfp; Fig. 6 ). drLef1 is unable to bind b-catenin and therefore acts as a constitutive repressor of Lef1 target genes. Slices were cultured for 1 DIV before being re-sectioned and immunolabeled for GFP (to identify electroporated cells; Fig. 6a,d ) and proliferating cell nuclear antigen (PCNA, to detect proliferating cells; Fig. 6b,e) . The proportion of GFP + cells coexpressing PCNA was determined in corresponding regions of the MGE of pGFP-and drLef1-gfp-electroporated slices (boxes in Fig. 6a,d) . Expression of drLef1-gfp in the MGE significantly reduced the proportion of GFP + cells coexpressing PCNA (50.7 ± 2.4% versus 29.5 ± 2.6%, n ¼ 4, P ¼ 0.03; Fig. 6g ). Consistent with a reduction in MGE progenitors, expression of drLef1-gfp also reduced NKX2.1 expression (data not shown). In summary, focal inhibition of b-catenin-mediated Tcf activity mimics the effects of in vivo loss of b-catenin expression on the proliferation of MGE progenitors, suggesting that b-catenin/Tcf signaling regulates proliferation in the subcortical (pallidal) telencephalon.
Inhibition of Wnt signaling reduces proliferation in the MGE Taken together, the above results suggest that b-catenin-mediated activation or disinhibition of Tcf activity regulates proliferation in the MGE. To examine whether Wnt-mediated stabilization of b-catenin is at least partially responsible for this effect, we studied the effect of Wnt inhibitors on proliferation of MGE progenitors (Fig. 7) . First, telencephalic slices from E11.5 embryos were exposed to Dkk1 (500 ng ml -1 ) for 72 h. Relative to controls, Dkk1 treatment resulted in a 40% reduction in Ki67 + cell profiles in the MGE (113.4 ± 2.9 versus 68.3 ± 8.1 per 0.01 mm 2 , areal density of Ki67 + profiles in the MGE of untreated versus Dkk1-treated slices, n ¼ 3, P o 0.04; In addition to the strong signal present in the medial cortex, the ventral telencephalon, including the LGE, the MGE and the PoA, also showed Tcf-LacZ activity. Coronal slices of E12.5 Tcf-LacZ -/-(e) and Tcf-LacZ +/+ (f-h) embryos were cultured for 1 DIV in the absence (e,f) or presence (g,h) of the Wnt inhibitor Dkk1 before staining with X-gal to reveal reporter activity. No signal was detected in the slice not containing the Tcf-LacZ transgene (e). Reporter activity was robust in a Tcf-LacZ + slice (f) and this activity was reduced in the mid-to-lateral cortex, as well as in the MGE (arrows), by Dkk1 (g,h Second, dissociated MGE progenitors were cultured at single cell density and allowed to form primary neurospheres in the presence or absence of Dkk1 (250 ng ml -1 ). After 4 DIV, Dkk1 treatment significantly reduced neurosphere growth (untreated versus Dkk1-treated neurospheres, 45.8 ± 1.7 versus 32.3 ± 2.6 mm, n ¼ 4, P o 0.02; Fig. 7f-h ). Application of Dkk1 also significantly decreased the proportion of Ki67 + DAPI + cells both in intact and acutely dissociated neurospheres (intact neurosphere Fig. 7i-k) . These results are consistent with a role for canonical Wnt signaling in MGE progenitor proliferation. As exogenous Wnt ligands were not added to the medium of neurosphere cultures, a reduction in MGE proliferation on Dkk1 treatment also suggests that a Wnt ligand or a set of Wnt ligands is produced by MGE progenitors. Wnt7a and Wnt7b are both expressed in the proliferative regions of the MGE 40 . Because Wnt7a mutant mice are fully viable 41 , despite infertility and limb phenotypes, we analyzed proliferation in Wnt7b mutants in which the first exon of Wnt7b has been replaced by the coding region of LacZ, resulting in a functional null (Wnt7b lacZ ) 42 . To evaluate whether Wnt7b stimulates the proliferation of MGE progenitors, we collected and immunolabeled telencephalic sections from E12.5 Wnt7b heterozygous controls (Wnt7b lacZ+/À ) and mutant embryos (Wnt7b lacZÀ/À ) for the M phase marker phospho-histone 3 (PH3; Fig. 7l,m) . Lack of Wnt7b resulted in a 30% reduction in both ventricular and abventricular mitoses in the MGE (ventricular mitoses: 29.4 ± 3.1 versus 20.8 ± 1.2 PH3 + cells per 500 mm, control versus Wnt7b lacZÀ/À , n ¼ 4, P o 0.04; abventricular mitoses: 78.6 ± 4.3 versus 56.4 ± 2.7 PH3 + cells per MGE, control versus Wnt7b lacZÀ/À , n ¼ 4, P o 0.005; Fig. 7n) . Also, volumetric analysis at E12.5 revealed a 20% reduction in MGE volume in the Wnt7b mutant (estimated volume: 0.11 mm 3 versus 0.08 mm 3 , control versus Wnt7b lacZÀ/À , n ¼ 4, P o 0.01; Fig. 7n ). This phenotype, together with our findings from slice or neurosphere treatment with Wnt inhibitors, suggests that Wnt signaling stimulates proliferation of MGE progenitors. However, analysis at E14.5 did not show an effect of the Wnt7b mutant on MGE proliferation or volume (data not shown), indicating that, in addition to Wnt7b, other Wnt ligands are probably stimulating proliferation in the MGE.
DISCUSSION
Although previous studies have mainly investigated the role of b-catenin in regulating progenitor expansion and growth in the dorsal telencephalon, we focused on the function of b-catenin in ventral telencephalic development. Loss of b-catenin expression in MGE progenitors markedly impaired the growth of the MGE (Fig. 1) . This effect is the result of premature cell cycle exit of Nkx2.1-expressing progenitors, as indicated by a marked decline in markers for cycling progenitors ( Fig. 2 and Supplementary Fig. 1 ). These findings are consistent with the previously reported role of b-catenin in regulating the proliferation of cortical progenitors 6, 14, 17, 18, 28 . Thus, our study indicates that, in addition to controlling proliferation in the cerebral cortex, b-catenin is also important for regulating progenitor expansion in the ventral telencephalon.
Wnt signaling in the ventral telencephalon b-catenin is known to function in canonical Wnt signaling and cell adhesion, and could have other functions in mammalian cells that influence proliferation. Thus, linking b-catenin loss to canonical Wnt signaling requires a demonstration that inhibition of Wnt activity reduces proliferation upstream of b-catenin signaling. In addition, one must demonstrate that Tcf activator function is present downstream of b-catenin signaling and that its inhibition also reduces proliferation. We provide evidence for both of these effects of canonical Wnt signaling on proliferation, as well as evidence both from published data and this study that a cell adhesion function of b-catenin is unlikely to contribute to the Nkx2.1-cre; Ctnnb1 loxP/loxP phenotype.
First, both Tcf4 expression and Tcf activator signal were present in the proliferative zone of the MGE (Fig. 4) . Notably, this activator signal was reduced both in Nkx2.1-cre; Ctnnb1 loxP/loxP mutants (Fig. 5) and in slices treated with the Wnt inhibitor Dkk1 (Fig. 4 and Supplementary  Fig. 4 ). Expression of a dominant repressor form of Tcf/Lef1 in the MGE of slice cultures reduced proliferation (Fig. 6) , suggesting (in conjunction with the results from Figs. 4 and 5) that Tcf activator function stimulates MGE progenitor proliferation downstream of Wnt-mediated stabilization of b-catenin.
Second, to demonstrate that inhibition of Wnt signaling reduces proliferation in the MGE upstream of b-catenin signaling, we used Wnt inhibitor application in vitro and in vivo Wnt ligand loss of function approaches (Fig. 7) . In addition to reducing Tcf activator signal (Fig. 4) , application of the Wnt inhibitor Dkk1 to slice cultures reduced proliferation in the MGE (Fig. 7) . Treatment of MGE progenitors dissociated and grown as primary neurospheres with Dkk1 had a similar effect. Finally, mouse mutants for Wnt7b, which is expressed in MGE progenitors along with Wnt7a 40 , have a loss of both ventricular and abventricular mitoses in the MGE (Fig. 7) . Taken individually, each of these experiments comes with caveats that complicate their interpretation. Taken together, they provide good evidence that canonical Wnt signaling drives proliferation by MGE progenitors and that Wnt7b probably participates in this process.
Third, support for the notion that the MGE phenotype in Nkx2.1-cre; Ctnnb1 loxP/loxP mutants is highly unlikely to result from the cell adhesion function of b-catenin can be found through comparisons with other transgenic mouse lines. Several studies have shown that deletion of b-catenin drives dorsal telencephalic progenitors out of the cell cycle 6, 18, 14 . In contrast, disruption of the adherens junctions formed by radial glial endfeet by deleting aE-catenin 43 , N-cadherin 44 or numb (which also disrupts cell polarity) 45 disrupts the organization of the proliferative zone but does not rapidly end proliferation. In fact, loss of the connection of radial glial endfeet to the apical (ventricular) surface actually appears to enhance proliferation. Because these studies focused on the role of cell adhesion and cell polarity in cortical development, it is feasible that loss of cell adhesion has different effects on progenitor proliferation in the subcortical (pallidal) telencephalon. However, mouse mutants for the Par6 complex-interacting protein Lgl1 are also characterized by a loss of apical-basal polarity, formation of ectopic rosettes of proliferating cells away from the ventricular surface and a hyperproliferation phenotype in both the cortical (pallial) and subcortical (pallidal) telencephalon 46 .
On the basis of these studies and our demonstration that disruption of N-cadherin in slice cultures does not appear to affect proliferation in the MGE ( Supplementary Fig. 5 online) , it seems unlikely that the Nkx2.1-cre; Ctnnb1 loxP/loxP phenotype, which did not result in ectopic abventricular proliferation as occurs in mutants for cell adhesion and cell polarity genes, is the result of a loss of b-catenin function at the adherens junction or on cell polarity per se. In addition, the reduction of proliferation by MGE progenitors transfected with the drLef1-gfp construct independently supports a role for canonical Wnt signaling in MGE proliferation. However, we cannot rule out the possibility that the Nkx2.1-cre; Ctnnb1 loxP/loxP phenotype also reflects some unknown function of b-catenin on progenitor proliferation.
In sum, multiple lines of evidence suggest that canonical Wnt signaling is largely responsible for the marked loss of proliferation that we observed in the MGE of Nkx2.1-cre; Ctnnb1 loxP/loxP mutants. Which Wnt ligand(s) are responsible for this effect? As discussed above, Wnt7b-null mice have reduced mitoses in the MGE (Fig. 7) . However, the far more notable influence on MGE proliferation that we found in the Nkx2.1-cre; Ctnnb1 loxP/loxP mutants suggests that Wnt7b does not act alone in this process. As both Wnt7a and Wnt7b can increase proliferation by cortical progenitors 13 , one possibility is that Wnt7a can partially compensate for the loss of Wnt7b. Another possibility is that Wnt proteins from the dorsal midline, such as Wnt3a, which can increase proliferation by ventral spinal cord progenitors 21 , can support MGE proliferation via the cerebral spinal fluid.
Finally, the Nkx2.1-cre; Ctnnb1 loxP/loxP mutant phenotype may reflect synergistic functions of Wnt and Shh signaling. Although previous studies and our own findings do not suggest that the Nkx2.1-cre; Ctnnb1 loxP/loxP mutant phenotype results from the loss of b-catenin's actions in cell polarity, we did find a loss of the cilia marker acetylated a-tubulin along the ventricular surface of the MGE in these mutants (data not shown). As Shh responsiveness requires intact cilia 47 , and Shh signaling is known to have a moderate effect on MGE proliferation at this stage 8, 10 , the marked loss of MGE proliferation in Nkx2.1-cre; Ctnnb1 loxP/loxP embryos may reflect the combined loss of both Wnt and Shh signaling.
Functions of Wnt and Shh in telencephalon development
Regardless of whether the Nkx2.1-cre; Ctnnb1 loxP/loxP proliferation phenotype partially reflects a loss of Shh signaling in affected progenitors, other manipulations of canonical Wnt signaling, both upstream and downstream of b-catenin (Figs. 4-7) , support an important role for this signaling in MGE proliferation. Why should a fate determination and mitogenic signaling system of the dorsal telencephalon also serve to regulate proliferation in the ventral telencephalon? In the chick spinal cord, Wnt signaling mediates a 'growth gradient' that coordinates the increased growth of dorsal versus ventral regions 21 . In the mouse telencephalon, Wnt proteins may have a similar role, except that both dorsal and ventral proliferation are critically stimulated. Concomitantly, Shh more moderately drives proliferation ventrally and dorsally 2, 8, 10, 11 . This raises the possibility that Wnt and Shh signaling, which are initially involved in fate determination in the dorsal and ventral telencephalon, respectively, during the period of neurogenesis also regulate proliferation by the apposing field. The net effect could be to coordinate growth of these highly fate-divergent, but interconnected, regions that develop in the finite compartment of the rostral skull ( Supplementary Fig. 6 online) .
Our study provides evidence that b-catenin-mediated Wnt signaling exists in the Nkx2.1-expressing region of the ventral telencephalon, where, similar to its previously established function in the dorsal telencephalon, it critically regulates proliferation. A purpose of this activity may be to, in a reciprocal fashion with the ventral fatedetermining factor Shh, connect regionalized patterning with coordinated growth. An additional implication of this work is that alterations in Wnt and b-catenin signaling can affect the generation of MGE-derived interneurons that critically participate in forebrain function.
METHODS
Animals, BrdU labeling and tissue preparation. Ctnnb1 loxP/loxP (ref. 24) mice were crossed with an Nkx2.1-cre transgenic line 23 . The morning of vaginal plug discovery was considered to be E0.5. Embryonic brains were immersion-fixed in 4% paraformaldehyde (PFA, vol/vol) in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 2-8 h at 4 1C before being processed for cryosectioning. For in vivo labeling of S phase cells, dams received BrdU (100 mg per kg of body weight, intraperitoneal) 1 h before being killed. Coronal telencephalic sections were obtained at 14 mm and stored at -80 1C. E18.5-19 embryos were collected the night before expected birth, anesthetized by cooling, killed by transcardial perfusion with 4% PFA and 0.1% glutaraldehyde (vol/vol) in PBS, and postfixed in the same fixative for 2 h. We obtained 40-mm coronal sections using a vibrating microtome. Both Nkx2.1-cre; Ctnnb1 loxP/+ and Ctnnb1 loxP/loxP genotypes were used as controls. Mice expressing Cre under the control of the Dlx5/6-cre promoter 48 were crossed with Ctnnb1 loxP/loxP mice to generate Dlx5/6-cre; Ctnnb1 loxP/loxP mutants. Postnatal day 75 (P75) mice were killed by perfusion and brains were processed as described above.
Nkx2.1-cre; Ctnnb1 loxP/+ were crossed with Tcf-LacZ mice 38 to generate Nkx2.1-cre; Ctnnb1 loxP/+ ; Tcf-LacZ mice, which were then crossed with Ctnnb1 loxP/loxP to obtain Nkx2.1-cre; Ctnnb1 loxP/loxP ; Tcf-LacZ embryos. LacZ expression was revealed with X-gal staining (see below) and confirmed by PCR analysis 38 . Wnt7b-LacZ embryos (Wnt7b lacZ+/À and Wnt7b lacZÀ/À ) 42 were used to examine the role of Wnt7b in MGE proliferation.
Detection of LacZ activity. E13.5 Tcf-LacZ and Nkx2.1-cre; Ctnnb1 loxP/loxP ; Tcf-LacZ transgenic brains were immersion-fixed in 2% PFA and 2% glutaraldehyde in PBS for 30 min at 25 1C. After rinsing in PBS, they were sectioned on a vibrating microtome at 30 mm (VF-300, Precision Instruments). Coronal telencephalic sections were incubated in X-gal 23 overnight at 37 1C and rinsed in PBS the next day. We cut 250-mm coronal slices from E12.5 Tcf-LacZ transgenic mouse brains and cultured them in the absence or presence of different concentrations of Dkk1 (R&D Systems). Slices were maintained for 24 h and then processed for X-gal staining.
Immunohistochemistry. Cryosections obtained from E11.5-14.5 Nkx2.1-cre; Ctnnb1 loxP/loxP brains were re-fixed on slides in 4% PFA in PBS for 10 min at 25 1C. This was followed by antigen retrieval in 1 mM EDTA at 65 1C for 10 min using antibodies to Nkx2.1, Lhx6 and Cre, or in methanol at -20 1C for 10 min using antibodies to anti-proliferating cell nuclear antigen. The list of primary antibodies used and details on dilutions are shown in Supplementary  Table 1 online. For secondary antibodies, we used goat antibody to mouse or goat antibody to rabbit conjugated with Alexa488 or Alexa568 (1:500, Molecular Probes). Sections were counter-stained with 0.3 mM DAPI (Molecular Probes), which was applied together with the secondary antibodies.
Floating sections generated from E18.5-19 Nkx2.1-cre; Ctnnb1 loxP/loxP and P75 Dlx5/6-cre; Ctnnb1 loxP/loxP brains were incubated for two nights with primary antibodies and for one night with secondary antibodies. The primary antibodies used and details on dilutions are shown in Table 1 .
Slice electroporation and cultures. We generated and electroporated 250-mm thick telencephalic slices as described 8 . Slices were maintained in vitro for 24 h in serum-free medium and were then processed for immunolabeling as above.
E11.5 telencephalic slices were treated with either Dkk1 (R&D, 500 ng ml -1 ), Fz8-Fc (R&D, 500 ng ml -1 ) or the combination of Dkk1 and Fz8-Fc (500 ng ml -1 each) for 72 h (Wnt inhibitors were added to the culture medium every day). For the data summarized in Figure 7e , a counting box (100 Â 100 mm) was placed 100 mm ventral to the dorsal-most region of Nkx2.1 expression, which generally occurred at or just ventral to a residual MGE-LGE sulcus. For the data shown in Supplementary Figure 5 , E12.5 slices were treated with a mouse N-cadherin blocking antibody (mNCD-2, DSHB, 1:200 in medium) for 48 h.
Neurosphere assay. MGE cells from E12.5 CD1 embryos were enzymatically dissociated, plated at single cell density (3 Â 10 4 cells per well in a 24-well plate) and cultured in serum-free medium with 10 ng ml -1 FGF2 (Promega) with or without Dkk1 (R&D, 250 ng ml -1 ). After 4 d in these culture conditions, MGE progenitors generated primary neurospheres. Intact and acutely dissociated neurospheres were plated on poly-D-lysine-coated glass slides and immunolabeled for Ki67.
Data collection and statistical analysis. The areal density of cycling progenitors and cells in S phase in the MGE of E12.5 Nkx2.1-cre; Ctnnb1 loxP/loxP mice were determined by counting Ki67 + and BrdU + nuclear profiles in a 100 Â 100-mm box that was placed over the ventral MGE in region-matched control and mutant sections from three pairs of littermate embryos. In Wnt7b mutants and heterozygous controls (n ¼ 4 of each genotype, with both hemispheres of two sections counted), ventricular mitoses were estimated by counting PH3-immunolabeled cell profiles along a continuous 500-mm stretch of the MGE, starting from the ventricular surface of the MGE-LGE sulcus. Profiles were counted as being ventricular when present in one cell body of the ventricular surface.
Blinded quantitative stereologic analysis of volume of the MGE of Wnt7b control and mutant brains (n ¼ 3-4 per genotype) was performed on 14-mm coronal sections. For each brain, a series of every fifth section was randomly selected and processed for DAPI staining to identify all cells, Nkx2.1 immunolabeling to identify the MGE region and PH3 immunolabeling to determine the extent of the proliferative region in the MGE. Using Nkx2.1 and PH3 immunolabeling, the relevant structure was traced using a 4Â objective. MGE volume estimates were calculated using the Cavalieri principle and StereoInvestigator software (Microbrightfield).
Quantification of markers of interneuron subgroups in the primary somatosensory cortex of E19 Nkx2.1-cre; Ctnnb1 loxP/loxP brains (three brains per genotype) was performed using the fractionator probe of Microbrightfield StereoInvestigator software and systematic random sampling. Student's t test on group means ± s.e.m. was performed using Microsoft Excel and Statview software. The proportion of GFP + cells coexpressing Nkx2.1 or PCNA was determined in corresponding regions of the MGE of pGFP-and drLef1-gfpelectroporated slices (n ¼ 4 slices per condition; data was pooled from both hemispheres of 2-3 nonconsecutive sections for each slice).
Note: Supplementary information is available on the Nature Neuroscience website.
